Visual cortex plasticity is enhanced by sleep. It is hypothesized that a reactivation of glutamatergic synapses is essential for this form of plasticity to occur after learning. To test this hypothesis, human subjects practiced a visual texture discrimination skill known to require post-training sleep for improvements to occur. During sleep, glutamatergic transmission was inhibited by administration of the two glutamate antagonists, caroverine and ketamine, targeting the ionotropic NMDA and AMPA receptors. Both substances given during consolidation sleep in a placebo controlled crossover design were able to prevent improvement of the skill measured the next morning. An off-line activation of glutamatergic synapses therefore seems to play a critical part in the consolidation of plastic changes in the visual cortex.
Introduction
The role of sleep for the development of stable, experiencedependent changes in the visual cortex has been described previously in a number of studies (Karni and Sagi, 1993; Karni et al., 1994; Gais et al., 2000; Stickgold et al., 2000) . Practice alone is not sufficient to induce improvement in visual texture discrimination performance, but long-lasting enhancements in performance occur only if practice is followed by sleep. Whereas the behavioral side of this effect is well examined, the underlying mechanisms are still largely obscure. However, visual discrimination learning has the advantage of being a very basic form of memory. It is known that the learning-dependent improvements in visual texture discrimination are monocular and restricted to the retinal position that was trained (Karni and Sagi, 1991) . Consequently, learning related changes must be confined to those early areas of the primary visual cortex, where processing of visual input is still monocular and retinotopic. Accordingly, after learning, stronger brain activity responses to learned stimuli have been observed, restricted to the specific retinotopic areas of the primary visual cortex (Schwartz et al., 2002) . It can be assumed that only the receptive fields of specific, orientation-sensitive neurons in the primary visual cortex are more finely tuned as a result of the learning process, possibly restricted to those synapses that were involved in previous task practice (Schoups et al., 2001) .
A major hypothesis in sleep and memory research is that those networks that were involved in previous daytime experience are reactivated during sleep (Buzsáki, 1998; Maquet, 2001; Pennartz et al., 2002; Rasch et al., 2007) . This reactivation hypothesis has received considerable support in animal research with regard to the declarative, hippocampal memory system (Wilson and McNaughton, 1994; Nadasdy et al., 1999) , but also with regard to other memory systems (Dave and Margoliash, 2000; Ribeiro et al., 2004) . In humans, functional neuroimaging studies demonstrate a reactivation of brain regions during postlearning sleep (Maquet et al., 2000) , and coherence of electroencephalographical activity increases during sleep after an intensive learning period (Huber et al., 2004; Mölle et al., 2004) . Reactivation might improve memory by two routes. It might allow the off-line transfer of information between different brain networks (systems consolidation) and it might strengthen individual synapses involved in storing a memory trace by providing additional "practice" to previously tagged synapses (synaptic consolidation) (Dudai, 2004 ). In the case of visual texture discrimination learning, the latter is probably of higher importance because of the restriction of this task to the primary visual cortex.
Glutamate is one of the main excitatory neurotransmitters in the visual cortex (Baughman and Gilbert, 1980) . It has been strongly implicated in synaptic plasticity and learning (Artola and Singer, 1987; Miller et al., 1989; Kirkwood et al., 1996) . Both AMPA and NMDA glutamate receptors can be found in the visual cortex (Kumar et al., 1994; Rivadulla et al., 2001 ) and both play roles in synaptic potentiation (Bear, 1996; Rumpel et al., 1998; Quinlan et al., 1999; Boroojerdi et al., 2001; Watt et al., 2004) . AMPA receptors are thought to contribute to information transmission between neurons, whereas NMDA receptors are mainly considered to be coincidence detectors that activate after multiple previous depolarizations (Malenka and Nicoll, 1999) . The NMDA receptor activation subsequently leads to a longlasting increase in synaptic AMPA receptor availability and synaptic potentiation (Artola and Singer, 1987; Rumpel et al., 1998) . However, NMDA receptors in the visual cortex are also involved in information transmission (Fox et al., 1989; Daw et al., 1993; Rivadulla et al., 2001 ).
Memory undergoes a postlearning period of consolidation. If this process is solely dependent on activation during practice, with later maturation depending only on intracellular signaling cascades, it should be independent of intervening synaptic activity. If, however, consolidation depends on reactivation of memory traces, then a temporary blockade of glutamate receptors after learning could prevent post-training memory enhancement (Ribeiro et al., 2004; Foster and Wilson, 2006; Peigneux et al., 2006 ). Here, we tested the hypothesis that during sleep memory traces are reactivated in the visual cortex in a glutamatedependent process. To achieve this, we temporarily blocked glutamatergic activity in healthy human subjects with two different glutamatergic antagonists (ketamine or caroverine) in a placebo controlled crossover experimental design. The substances were administered in a way that they were active only during a period of 6 h during postlearning sleep and affected neither learning nor retrieval.
Materials and Methods
Subjects and general procedure. Two groups of subjects (n ϭ 11 for caroverine; n ϭ 15 for ketamine) participated in the experiments. Subjects were nonsmoking males with normal or corrected to normal vision (age, 24.9 Ϯ 0.8; mean Ϯ SEM). They were screened for acute and chronic diseases, mental disorders, and drug addictions, and they were not taking any medication at the time of the experiments. All of them were normal sleepers (7-9 h per night) with no major disruptions of the sleep-wake cycle during the 6 weeks before the experiments. Subjects were not allowed to take in caffeine and alcohol or to sleep during daytime before experimental nights.
Before the experiments, subjects were accustomed to sleeping under laboratory conditions. Each subject participated in two experimental sessions (substance and placebo), which followed a double-blind, randomized, and balanced crossover design. Sessions were spaced at least 4 weeks apart. On the days of the experiments, subjects learned the visual texture discrimination task (VDT) at 10:00 P.M. At ϳ11:00 P.M. they went to bed and lights were turned off. Substance administration started at sleep onset, defined by the first occurrence of sleep stage 2. Subjects were awakened 8 h after sleep onset. Retesting took place 30 min after awakening (see Fig. 1b ). Sleep was recorded polysomnographically and scored according to standard criteria. Aside from retrieval testing, testing after sleep included an assessment of subjective tiredness by questionnaire as well as an interview regarding side effects of substance administration. Statistics generally relied on an ANOVA with the two withinsubject factors pretest/post-test and substance/placebo. Experiments were approved by the Ethics Committee of the University of Lübeck.
Behavioral testing. All tests took place in a soundproof, dark chamber. Subjects in the main experiments had to learn a VDT, which required them to discriminate between a small horizontal or vertical target stimulus, presented briefly in the periphery of the visual field (Karni and Sagi, 1991; Gais et al., 2000) (Fig. 1a) . Each session consisted of 950 consecutive trials. Trials started when the subject pressed a key after a fixation cross was displayed. First, the screen went blank for 210 -270 ms. Then, the target stimulus appeared for 10 ms, followed by a blank screen, a mask for 100 ms, and again a blank screen. The time between the stimulus and mask [stimulus-to-mask onset asynchrony (SOA)] was variable and successively reduced from 400 to 40 ms (50 trials each: 400, 300, 200, and 160 ms; 150 trials each: 140, 120, 100, 80, and 60 ms). Under some conditions, mainly when task presentation uses sessions with unequal numbers of stimuli, learning in the VDT seems to take place also across periods of wakefulness (Karni and Sagi, 1993; Censor et al., 2006) . Here, we used an experimental setup with a fixed number of stimuli that has consistently shown to require sleep for consolidation related improvements to occur (Gais et al., 2000; Stickgold et al., 2000) .
Before the experiment proper, subjects practiced the task in the presence of the experimenter with 50 additional trials at an SOA of 400 ms. The stimuli were 16°of visual angle in size and consisted of a 19 ϫ 19 field of horizontal bars (17 ϫ 17 cm) with a randomly rotated T-or L-shaped figure in the center. Bars were 0.6°(6 mm) long and 0.05°(0.4 mm) wide. Stimuli had an intensity of 2.25 cd/m 2 , background intensity was 0.01 cd/m 2 . The pop-out target was located at a distance of 3-5°visual angle from the center and consisted of three oblique bars aligned either horizontally or vertically. The target was shown in the same quadrant of the visual field during learning and subsequent retrieval, but in different quadrants for the two experimental conditions, because learning in this task is restricted to the retinal position where the target appeared. After each trial the subject had to press one of two keys to indicate which letter had been presented in the center of the screen to ensure proper fixation, and whether the target was aligned horizontally or vertically. Errors on the fixation task were indicated instantly by a tone. All subjects met the criterion of Ͼ90% correct responses in the T/L discrimination until at least 1 step below the discrimination threshold for the horizontal/vertical discrimination (on average, 98.1% correct in the block directly above threshold SOA for the horizontal/vertical task). Only trials with a correct response entered into the analysis, thus excluding all trials with an obvious lack of fixation, but leaving those trials with improper fixation where the subjects guessed the correct response (i.e., statistically half of the fixation errors were omitted from analysis). Because of the small number of fixation errors, these can be expected to have only a minor effect on the analysis. There was no time limit for giving the answer, and subjects were told to take breaks when needed. Performance was measured with reference to the per cent correct responses at a given SOA. Threshold SOA was calculated by interpolating the SOA with a recognition rate of 80%. The detection threshold for fixation stimuli was also calculated using the same method. The procedure for retrieval testing was identical to that used during the learning session.
Substance administration and blood sampling. Thirty minutes before behavioral testing, two intravenous catheters were inserted into the subject's forearm for blood sampling and substance administration. Beginning with sleep onset, subjects received in the verum condition a slow, constant intravenous infusion of 50 ml of isotonic saline solution with either 0.25 mg/kg body weight of S-ketamine (Ketanest S; Pfizer) or 80 mg of caroverine (Calmaverine; Taphlan) over 6 h. Placebo was 50 ml of isotonic saline solution. Both substances are acting predominantly as glutamate receptor antagonists. Ketamine is an NMDA receptor antagonist and has been used in high doses primarily for this action as local or general anesthetic. Previously, it has been proposed that ketamine might also bind to dopaminergic D 2 receptors (Kapur and Seeman, 2002) . The dosage of ketamine was chosen on the basis of previous literature as to avoid anesthetic effects while still retaining effects on memory function. Caroverine is primarily an AMPA receptor antagonist and, at higher doses, acts as an NMDA receptor antagonist (Oestreicher et al., 2002) . At the smooth muscle, caroverine is also a B-type calcium-channel blocker (Ikeda et al., 1982) . Because the plasma half-lives of ketamine (10 -15 min) and caroverine (25 min) are rather short, the glutamate receptor antagonists were constantly infused for 6 h during the night to maintain the minimal dose necessary for receptor inhibition. However, both antagonists can be assumed to be no longer effective at the time of retrieval because infusion was stopped 2 h before awakening and initial doses were low. To ensure that caroverine has no immediate effect on discrimination performance, we administered caroverine and placebo to a preliminary sample of six additional subjects during two nights according to an identical experimental schedule. In the morning, they performed on an untrained visual discrimination task. These data show no significant differences in detection performance between caroverine and placebo nights (130 Ϯ 13 ms for caroverine vs 138 Ϯ 17 ms for placebo). Experiments were double blind. Unblinding took place only during statistical analysis when data were assigned to the respective conditions.
To control for neuroendocrine side effects, blood was collected during sleep via thin plastic tubes from an adjacent room without disturbing subjects' sleep. Blood was sampled before and after test performance and hourly, beginning 30 min after sleep onset. Blood was immediately centrifuged and frozen at Ϫ20°C until assay. Cortisol was determined from serum by enzyme immunoassay (DSL-10-2000 Active Cortisol; Diagnostic Systems Laboratories). Blood norepinephrine levels were determined from EDTA-plasma by standard high-performance liquid chromatography (Waters) with electrochemical detection.
Results
In a first experiment, we administered the AMPA receptor antagonist caroverine during sleep after subjects had practiced a VDT, which required subjects to determine the direction of a target stimulus displayed only for a very brief interval (Gais et al., 2000) (Fig. 1a,b) . When performance was measured on the next day, subjects showed no significant improvement in discrimination speed between pretest and post-test when they received caroverine during previous sleep (t (10) ϭ 0.7; p ϭ 0.50) (Fig. 1c) , whereas they showed the expected improvement after a placebo night (t (10) ϭ 2.9; p ϭ 0.02). The overnight improvement in terms of a decrease in detection threshold averaged Ϫ18.4 Ϯ 6.3 ms after placebo, but only Ϫ4.8 Ϯ 6.7 ms after caroverine. Comparing both conditions confirmed that these improvements differ significantly [measurement (pretest/post-test) ϫ substance (caroverine/placebo):
Sleep was recorded during the night after task practice. Sleep-stage distribution and total sleep time were comparable between caroverine and placebo conditions (Table 1) . Measures of cortisol and norepinephrine were also taken throughout the night. Total secretion [area under curve (AUC)], minimum (Min), and maximum (Max) values did not differ between both conditions [placebo vs caroverine, p Ͼ 0.20 for all comparisons; cortisol: AUC (in g*h/dl) 71.9 Ϯ 7.9 vs 68.2 Ϯ 7.5, Min (in g/dl) 1.7 Ϯ 0.5 vs 1.7 Ϯ 0.4, Max (in g/dl) 19.6 Ϯ 1.0 vs 19.8 Ϯ 1.0; norepinephrine: AUC (in pg*h/ml) 1302 Ϯ 114 vs 1284 Ϯ 88, Min (in pg/ml) 95 Ϯ 9 vs 86 Ϯ 11, Max (in pg/ml) 310 Ϯ 34 vs 329 Ϯ 29].
In the second experiment, the NMDA receptor antagonist ketamine was administered according to the same experimental design used in the first experiment. Healthy subjects received ketamine during sleep after practice of the VDT. The results showed a pattern similar to that of caroverine administration. There was no significant improvement in performance between pretest and post-test if subjects received ketamine (t (14) ϭ Ϫ0.38; p ϭ 0.71) (Fig. 1c) . When subjects received placebo, they showed the known postlearning amelioration of discrimination performance (t (14) ϭ 2.2; p ϭ 0.04). The decrease in detection thresholds with reference to is thus perceived only peripherally. It appears always in the same quadrant, but quadrants were changed between substance conditions. The subject is required to discriminate whether the bars are aligned horizontally (as in this example) or vertically. The mask follows the stimulus after an SOA of 20 -300 ms to extinguish afterimages of the stimulus. b, Illustration of how actual detection thresholds were determined. c, Experimental design: two different groups of subjects (Exp. 1, Exp. 2) each participated in two conditions, receiving substance (caroverine, 80 mg, or ketamine, 0.6 mg/kg body weight) and placebo according to a balanced crossover design. Substance infusion started at sleep onset and continued for 6 h. d, VDT performance: mean (ϮSEM) detection thresholds of subjects during pretest before sleep (gray bars) and post-test after sleep (white bars). During sleep between tests subjects received placebo, caroverine (top), or ketamine (bottom). In both placebo conditions, subjects showed significantly lower discrimination thresholds and, thus, a better performance, at post-test after sleep. In both substance conditions, no such increase in performance through learning was achieved. Pretest/post-test by placebo/substance interactions are significant. *p Ͻ 0.05. training before sleep averaged Ϫ14.7 Ϯ 6.6 ms after placebo, whereas after ketamine detection thresholds slightly increased by ϩ1.5 Ϯ 4.3 ms on average. Comparing both conditions revealed a significant measurement by substance interaction (F (1,14) ϭ 4.9; p ϭ 0.04).
Sleep was not affected by ketamine (Table 1) . Total secretion, minimum, and maximum values of cortisol and norepinephrine did not show differences between conditions [placebo vs ketamine, p Ͼ 0.55 for all comparisons; cortisol: AUC (in g*h/dl) 70.2 Ϯ 4.8 vs 72.7 Ϯ 3.6, Min (in g/dl) 1.4 Ϯ 0.1 vs 1.4 Ϯ 0.1, Max (in g/dl) 19.3 Ϯ 0.6 vs 18.8 Ϯ 0.7; norepinephrine: AUC (in pg*h/ml) 1486 Ϯ 121 vs 1497 Ϯ 112, Min (in pg/ml) 85 Ϯ 13 vs 84 Ϯ 6, Max (in pg/ml) 529 Ϯ 49 vs 492 Ϯ 51].
In both experiments, no significant differences between placebo and substance conditions were found for subjective ratings of tiredness and concentration ( p Ͼ 0.55). The detection threshold for the fixation stimuli during VDT performance also did not differ between placebo and substance (placebo vs ketamine, 67.2 Ϯ 6.4 ms vs 69.4 Ϯ 6.8 ms, p Ͼ 0.49; placebo vs caroverine, 74.3 Ϯ 5.3 ms vs 72.3 Ϯ 4.1 ms, p Ͼ 0.59), indicating comparable vigilance in both conditions and excluding unspecific effects of the substances on the visual system. Subjects were unable to guess above chance level in which condition they received the active substance.
Discussion
Research in recent years showed that knowledge about memory systems can be gained by looking at what happens to memory during sleep. For the VDT used in the present experiments, it is known that training related improvements occur only across subsequent periods of sleep (Gais et al., 2000; Stickgold et al., 2000) . Less is known about the mechanisms by which sleep achieves this enhancement. By reducing activity of glutamate receptors during post-training sleep with two different glutamate receptor blockers targeting NMDA and AMPA receptors, we show that the consolidation of a visual texture discrimination skill during sleep requires activation of these receptors. The limitation of the learning-related changes to the primary visual cortex, which has been shown in multiple previous studies (Karni and Sagi, 1991; Schoups et al., 2001; Schwartz et al., 2002) , allows to reason that particularly activation of glutamatergic synapses in that specific area is required for consolidation during sleep.
The requirement of glutamate receptor activation during consolidation of the VDT fits well into the theoretical framework of memory trace reactivation underlying off-line enhancements in memory. Information in the visual cortex is transmitted via NMDA-and AMPA-type glutamate receptors (Rivadulla et al., 2001) . Learning induces within the first 30 -60 min after the period of acquisition a series of changes at participating synapses, most importantly, an upregulation of AMPA receptors (Lüscher et al., 2000) , followed by a proportional potentiation in NMDA receptor currents (Watt et al., 2004; Perez-Otano and Ehlers, 2005) . Later, structural changes to the synapse come into effect, which stabilize potentiation (Lisman, 2003) . Thus, encoding leads to an involvement of both types of receptors in mediating long-term plastic changes of the visual cortex after stimulation. In addition, reactivation of previously potentiated synapses could lead to induction of further potentiation at these synapses, thus increasing the effect of learning without additional actual stimulation. Our findings are therefore in accord with the view that glutamate receptors have to be reactivated during the sleepassociated consolidation process in order for permanent improvements to the visual system to occur. The recently proposed concept that sleep improves memory by generally downscaling synaptic strength might be useful in providing an explanation for how this self-amplifying reactivation process is limited and excessive activity is prevented (Tononi and Cirelli, 2006) . Global synaptic downscaling and reactivation of specific traces would thus provide two complementary mechanisms that enhance memory during sleep.
Synapse reactivation might serve different purposes. Synaptic potentiation induced during previous learning would decay within hours if it is not stabilized at a later point (Frey and Morris, 1997) . Previously, it has been shown that not only induction of long-term potentiation (LTP), but also consolidation of its late phase depends on synaptic stimulation (Fonseca et al., 2006) . Because substance administration was timed to coincide with this late phase of LTP, it might have impaired consolidation by blocking necessary synaptic activity. Additionally, stimulusindependent, slow-wave-related cortical activity during sleep will more strongly activate those synapses that have been potentiated than those which have not. This would result in additional "training" during sleep by reactivation of synapses involved previously in learning. A similar model of synaptic re-entry reinforcement requiring postlearning NMDA receptor activation has been described in hippocampus-dependent and hippocampusindependent learning (Shimizu et al., 2000; Wittenberg and Tsien, 2002; Cui et al., 2005) .
Several other studies looked also at postlearning administration of glutamatergic antagonists (Riedel et al., 2003) . In the auditory cortex of gerbils, NMDA receptor antagonists active during a window of ϳ60 min after training, but not during retrieval, of an auditory discrimination task 24 h later, impaired memory consolidation (Schicknick and Tischmeyer, 2006) . In chicks, 10 -25 min postlearning administration of NMDA and AMPA receptor blockers resulted in later amnesia for a passive avoidance task (Rickard et al., 1994) . A specific form of visual cortex plasticity is expressed in changes of ocular dominance columns after monocular sensory deprivation in young animals. In kittens, postlearning NMDA receptor blockade by ketamine prevented the consolidation of ocular dominance plasticity (Rauschecker et al., 1990) , and a similar result was found with the NDMAreceptor antagonist MK-801 [(ϩ)-5-methyl-10,11-dihydro-5H- dibenzo [a,d] cyclohepten-5,10-imine maleate] (Daw et al., 1999) . A dependency of this form of plasticity on glutamatergic activity on the one hand and sleep on the other has been shown previously (Frank et al., 2001; Ramoa et al., 2001) . Previously, it was demonstrated in addition that neuronal activity was necessary during sleep for plastic changes to occur (Jha et al., 2005) . Although plasticity in the developing and adult visual cortex are not identical (Carmignoto and Vicini, 1992) , our results show that also in the adult human, learning based on very simple processes of synaptic plasticity requires glutamate receptor reactivation during the following hours. Together, there is now reasonable evidence that reactivation of glutamatergic receptors are involved in both induction and consolidation of plasticity in the visual cortex.
